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DNA Polymerase from Pyrobaculum islandicum 

The invention is related to a DNA polymerase obtainable from Pyrobaculum islandicum whereas the 
six conserved motifs indicative of family B DNA polymerases were contained in the Pyrobaculum 
islandicum DNA polymerase sequence and whereas this polymerase exhibits 3'-5'-exonuclease 
activity. 

Archaea constitute the third domain of life, distinguishable from the domains Eukarya and Bacteria 
(Woese and Fox 1977). During the last two decades, many Archaea have been isolated and 
characterized. Hyperthermophilic Archaea, which are the deepest and shortest branches of the 
phylogenetic tree, can grow at temperatures up to 110°C (Stetter 1996). Thus, these organisms are 
excellent candidates to investigate their thermostable enzymes. While our knowledge of DNA re- 
plication in Eukarya and Bacteria is quite advanced (Kornberg and Baker 1992), only limited in- 
formation on the replication of DNA in hyperthermophilic Archaea is available. It is still an open 
question how genomes can be maintained and duplicated at temperatures near or above 100°C. 

More than 50 DNA polymerase genes from Eukarya, Bacteria and Archaea have been cloned and 
sequenced. Deduced from their amino acids sequences, these enzymes can be classified into four 
groups, represented by Escherichia coli DNA polymerase I (family A), DNA polymerase II (family 
B), DNA polymerase III (family C), and eucaryotic DNA polymerase P (family X) (Braithwaite and 
I to 1993). The majority of archaeal DNA polymerases described so far belongs to the family B. A 
number of euryarchaeal DNA polymerase genes has been cloned and sequenced. The thermostable 
enzymes from several Thermococcus and Pyrococcus strains have been successfully expressed, charac- 
terized and can be obtained commercially (Perler et al. 1996). Relatively little information is avail- 
able on DNA polymerases from hyperthermophilic crenarchaeota. Uemori et al. (1995) described 
the cloning and characterization of two family B DNA polymerases from the hyperthermophilic 
crenarchaeon Pyrodictium occultum. Despite of the fact that three family B DNA polymerase genes 
have been detected in Sulfolobus solfataricus (Prangishvili et al. 1993; Datukishvili et al. 1996; Edgell 
et al. 1997), only one of these genes has been successfully expressed (Pisani et al. 1992). 

DNA polymerases from hyperthermophiles play a major role in a variety of molecular biological 
applications, e.g. DNA amplification, sequencing, labelling or reverse transcription. The develop- 
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ment of polymerase chain reaction (PCR; Mullis et al. 1986; Erlich et al. 1988) was one of the most 
important contributions to biotechnology in the last decade. The DNA polymerase I from the bac- 
terium Thermus aquaticus, called Taq polymerase, was the first thermostable DNA polymerase 
applied in PCR. Due to the absence of a 3'-5 exonuclease activity, this enzyme is unable to excise 
mismatches and as a result, the base insertion fidelity is low (Longlev et al. 1990; Keohavong and 
Thilly 1989). Furthermore, research has indicated that Taq polymerase has a thermal stability of not 
more than few minutes at 100°C. Several euryarchaeal DNA polymerases with much higher ther- 
mostability and an associated 3'-5'exonuclease activity, e.g. Pfu pol (Lundberg et al. 1991) from 
Pyococcus furiosus or Vent pol (Cariello et al. 1991) from Thermococcus litoralis, have been des- 
cribed and are commercially available. However, Taq polymerase was not replaced by these poly- 
merases mainly due to their low extension rates. Therefore, new DNA polymerases with enhanced 
thermostability, high base insertion fidelity and sufficient extension rates are still needed. Hyper- 
thermophilic crenarchaeota could be a promising source for thermostable DNA polymerases with 
new properties. Additionally, the production of large quantities of recombinant enzymes would be 
of great value. 

The anaerobic hyperthermophilic Archaeon Pyrobaculum islandicum, which belongs to the cren- 
archaeota, was isolated from an Icelandic hot spring (Huber et al. 1987). It was not possible to 
isolate polymerases from the native strain without undue experimentation because this strain is 
difficult to culture. Furthermore, it was not possible to amplify fragments of the B DNA polymerase 
gene of Pyrobaculum islandicum using conventional primers. 

PCR Primer Screening 

In order to amplify fragments of the Pyrobaculum islandicum DNA polymerase, we performed a 
primer screening with various kind of primers. Archael family B DNA polymerase are difficult to 
align due to short, highly conserved domains separated by long stretches of low or no amino acid 
conservations. It seems to be particularly difficult to clone a new family B DNA polymerase gene 
from an archaeon which shows phylogenetically large distances to archaea from which polymerase 
sequences have been identified. 

Pyrobaculum islandicum belongs to the crenarchaeal order Thermoproteales. When we started our 
investigations, only a few crenarchaeal polymerase genes from Pyrodictium and Sulfolobus species, 
and some polymerase gene sequences from the euryarchaeal Pyococcus and Thermococcus species 
have been identified. 
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The PCR primer screening (using Pyrobaculum islandicum DNA as template) was started with the 
combination of several primers deduced from conserved Thermococcus and Pyrococcus polymerase 
sequences: 

forward primers 

tcgl: S'-CCGCAAATGATACTGGACACTGATTACATAAC-S' 
pcwl: 5'-CCGCAAATGATTTTAGATGTGGATTACATAAC-3' 
cl435: 5'-GAGCCAGAAAARGGKTTGTGGGAAAA-3' 

reverse primers 

tcg2: S'-CCGCAATTAGGATTTTTTAATGTTAAGCCAGGAAG-S' SEQ ID No. 8 

pcw2: 5 , -CCGCAATTACCTCTTGAGCCATGCATCTAAGCCGG-3' SEQ ID No. 9 

cl 190: 5 , -TCATAMGTTGCCYTWGCATCTTCCAT-3' SEQ ID No. 10 

The primer pair tcgl/cl 190 was successfully used before to amplify a Thermococcus polymerase gene 
fragment (Niehaus et aL 1997). 

In contrast to the Thermococcus polymerase gene however, it was not possible to amplify any PCR 
products from Pyrobaculum islandicum showing identities to family B DNA polymerases. 

Uemori et al. (1995) also used degenerated primers, deduced from highly conserved regions of 
family B DNA polymerases genes: 

forward, 5'-(TA)(CG)(CG)(CT)T(CG)TAC CC(CG) (TA)(CG) ATC AT-3' 
reverse, 5'-TC(TCAG) GT(AG) TC(TCAG) CC(AG) TA(AG) AT(TCAG) AC-3 

A PCR with these primers and Pyrobaculum islandicum DNA as template was also not successful. 

Therefore, it was necessary to design new degenerated primers. Additionally, it can be assumed that 
the use of degenerated primers, including deoxyinosit (I), may be a great advantage in amplifying 
new archaeal genes, because primers with deoxyinosit accept several degenerated tripletts. 

The two available family B DNA polymerase genes from Pyrodictium occultum (Uemori et al. 1995; 
ass. no. D38574 and D38573) and one polymerase gene from Sulfolobus solfataricus (ass. no. 
Y08257) was chosen for an alignment in order to synthesize suitable primers for a primer screening. 



SEQ ID No. 5 
SEQ ID No. 6 
SEQ ID No. 7 
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Due to the degenerated triplett code, it was necessary to design degenerated primers, using deoxyi- 
nosin (I). The primers were deduced from highly conserved regions of family B DNA polymerases. 

forward primers 

fl: 5'-CTG ACC TT(CT) AA(CT) GGI GA(CT)-3 SEQ ID No. 11 

£2: 5'-CAT ATI GAC (CT)TI TA(CT) AAI TT-3' SEQ ID No. 12 

B: y-GTI (CT)TI GAT TT(CT) GCI (AT)(GC)I (CT)Tf TA(CT) CC-3' SEQ ID No. 13 

f4: 5'-ATI AAG GGI AA( AG) AAG TAT-3' SEQ ID No. 14 



reverse primers 

rla; 5'-(CT)TC IGG IGT (AG)TT IC(GT) (CT)TT (CT)TT IGC-3' SEQ ID No. 15 

rib: 5'-GAA IAG GTC IGT ATC ICC AT-3' SEQ ID No. 16 

r2a: 5'-GAA IAG IGA (AG)TC IGT (AG) TC ICC (AG)T-3' SEQ ID No. 17 

r2b: 5'-GAA IAG IGA GTC IGT ATC ICC AT-3' SEQ ID No. 18 



A .multiple primer screening was performed with combinations of each forward with each reverse 
primer. A low annealing temperature of 48°C was used. 

Only one PCR with the forward primer f3 and the reverse primer r2b resulted in the amplification 
of a PCR product, showing identities to archaeal family B DNA polymerases. This fragment was 
used as a probe to identify the complete polymerase gene, as described in Example 2. This result 
indicated that it is very difficult to design appropriate primers for the amplification of new 
crenarchaeal DNA polymerase gene fragments. 

The subject of the present invention comprises the cloning procedure and sequence of a DNA 
polymerase gene from Pyrobaculum islandicum. The invention comprises a gene with SEQ ID No. 3. 
The subject of the present invention also comprises a B DNA polymerase from Pyrobaculum 
islandicum. The invention comprises a polymerase with a sequence according to SEQ ID No. 4. 
Furthermore, the expression, purification and characterization of the recombinant polymerase 
from P. islandicum is disclosed. 



Cloning and nucleotide sequencing of the DNA polymerase gene from P. islandicum 
Based on the most conserved amino acid sequences found in archaeal a-like DNA polymerases, two 
degenerated primers according to SEQ ID No. 1 and SEQ ID No. 2 were designed. The PCR was 
performed with chromosomal DNA from P. islandicum, and we were able to obtain an amplificate 
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of 445 bp. The PCR product was sequenced, and the sequence showed the expected homology to 
known archaeal polymerase regions in a BLAST alignment. As an important result of the present 
invention, known archaeal DNA polymerase sequences can be successfully used to design novel 
degenerated primers in order to find new DNA polymerase genes from hyperthermophilic archaea. 
Therefore, the cloning procedure using degenerated primers according to SEQ ID No. 1 and SEQ 
ID No. 2 is also subject of the present invention. The PCR product was then used as a probe to 
obtain the whole DNA polymerase gene. In southern blot hybridizations, P. islandicum DNA frag- 
ments in a size of 6 to 7.5 kbp, digested with Sad, were chosen to be cloned in a cosmid vector 
system- An open reading frame consisting of 2356 bp and coding for a protein with 784 amino 
acids (Fig. 1) was detected on an insert of a cosmid clone, which was identified by colony filter 
hybridization. The open reading frame started with GTG, coding for valin. It has been shown that 
some archaeal proteins ( approx. 25 %) appear to start at GTG codons (Dennis 1997). For example, 
Schleper et al. ( 1997; 1998) described several open reading frames in the crenarchaeote Cenar- 
chaeum symbiosum, including that of a family B DNA polymerase gene, starting with GTG instead 
of ATG. In order to examine the putative transcription and translation start region of the DNA 
polymerase gene from P. islandicum, a 5'RACE PCR was performed and the amplified cDNA was 
sequenced. The sequence of the mRNA started one or two nucleotides upstream of the determined 
start codon (data not shown). 

The DNA polymerase sequence was aligned with those of all archaeal DNA polymerases available in 
public databases. The six conserved motifs indicative of family B DNA polymerases (Braithwaite 
and Ito 1993) were identified in the P. islandicum sequence, including those residues that are in- 
variant in all DNA polymerases and have been shown to be functionally important. Also, the three 
3'-5'exonuclease motifs (Blanco et al. 1991) were localized in the sequence. In a multiple alignment 
performed with the ClustalW software program (Higgins, EMBL, Heidelberg, Germany), the DNA 
polymerase sequence showed highest identities to one of the two family B DNA polymerases from 
Pyrodictium occultum (polB; accession, no. D38574), a family B DNA polymerase from Archaeo- 
globus fulgidus (accession no. AE001070) and the Pfu polymerase (accession no. D12983), sharing 
51%, 37% and 32% identical residues, respectively. 

Expression and purification of P. islandicum DNA polymerase 

After determining the sequence, we cloned the gene into vector pASK-IBA 3 and expressed the 
polymerase as a fusion protein with a C-terminal Streptactin-binding oligopeptide. The recom- 
binant DNA polymerase was purified to near homogeneity by the combination of a heat denatura- 
tion step and an affinity chromatography on Streptactin. Starting with 1000 ml of E. coli BL21 
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culture, we purified 1 mg of recombinant DNA polymerase with a specific activity of approx. 2000 
U/mg preparations of recombinant DNA polymerase. Attempts to purify the polymerase without 
addition of protease inhibitors to the buffer W resulted in the appearance of many small contami- 
nants as judged by SDS-PAGE (data not shown). The purity of the DNA polymerase in each frac- 
tion were checked by SDS-PAGE (Fig. 2). The fusion protein was copurified with a small amount of 
a ca. 70 kDa protein as a contaminant. The activity gel illustrated that the purified protein of 
approx. 90 kDa in the Streptactin preparation possesses DNA polymerase activity (Fig.3). A small 
activity was also detectable at approx. 70 kDA, indicating that the copurified protein was a pro- 
teolytic degradation product of the recombinant polymerase. Additionally, in crude extract from P. 
islandicum, we were able to detect corresponding DNA polymerase activity in a protein band of 
approx. 90 kDa. 



Subjects of the present invention are also mutants of the inventive B DNA polymerase and DNA 
sequencing encoding these mutants. These mutants may exhibit e.g. reduced proofreading acitivty 
according to mutations in the highly preserving amino acid regions for this exonudease activity 
(Exol, ExoII and ExoIII) e.g.ExoI region contains an X1DX2EX3 motif, and the amiono acids D 
(aspartic acid) and E (glutamic acid) are known to be essential for the exonuclease activity for B typ 
polymerases. 



Biochemical properties 

To determine the biochemical properties of the purified recombinant DNA polymerase, we carried 
out the non-radioactive assay described in Materials and Methods under different reaction condi- 



tions. 



The optimal conditions for DNA polymerase activity were tested at 75°C in the presence of acti- 
vated calf thymus DNA as a template. As shown in Fig. 4, the polymerase was most active at pH 7.3. 
The optimal temperature for activity was not detectable because activated DNA was not stable 
above 80°C. The enzyme required an extremely low concentration of divalent cations for activity. 
Concentrations above the optimum of 0.5 mM MgCl 2 inhibited the polymerase (Fig. 5). No activity 
was detected in the absence of divalent cations. As illustrated in Fig. 6, monovalent potassium ions 
strongly inhibited the DNA polymerase. In the presence of 100 mM KC1, only 7% of the residual 
activity was detected. 

To determine the thermostability of the DNA polymerase, a preincubation of the enzyme in 50 mM 
Tris-HCl pH 7.2 was performed at 90 and 100°C, following by an incubation at 75°C under stan- 
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dard assay conditions. Half-life times of 30-40 min at 100°C and >10 h at 90°C have been detected 
(Fig. 7). 



The influence of representative inhibitors on the DNA polymerase activity was investigated (Tab. 
1). The sulfhydryl blocking reagent N-Ethylmaleimid (NEM) strongly inhibited the DNA poly- 
merase activity. In the presence of 1 mM NEM, 40% residual activity were detected. A total loss of 
activity was detected after a preincubation with 5 mM NEM. The sensitivity of the enzyme to the 
tetracyclic diterpenoid aphidicolin, which competes with each dNTP for binding to DNA poly- 
merase, was also investigated. The DNA polymerase was inhibited by a comparable amount of 
aphidicolin that inhibits polB from Pyrodictium occultum and Pfit polymerase (Uemori et al. 1995). 
In the presence of 500 and 2000 \iM aphidicolin, we detected 55 and 21% residual activity for the P. 
islandicum DNA polymerase. A very low sensitivity of the polymerase to ddGTP was detected. No 
inhibition was measured at a ddGTP/dGTP ratio of 2, and at a ddGTP/dGTP ratio of 10, approx. 
80% of residual activity could be detected. 

Ia order to determine associated exonuclease activity in the DNA polymerase from P. islandicum y 
we first incubated BamHl digested pUC 19 DNA with the purified enzyme in the absence of dNTP. 
A significant degradation after 2 h at 75°C was detected on an agarose gel (data not shown). No 
degradation was measured at 37°C, indicating that no exonuclease contamination from the E. coli 
BL21 cells was present in the enzyme preparation after heat-treatment and purification on Strep- 
tactin Sepharose. 

The exonuclease activity was quantified in a standard assay> based on the release of ^H-labeled 
nucleotides from a sonicated calf thymus DNA template. The release of nucleotides after an in- 
cubation of the template with 1.5 U purified polymerase at 65°C was comparable to that caused by 
other archaeal proofreading DNA polymerases. 104 cpm/10 min were measured after 4 h incu- 
bation. In comparison, 15 U (10-fold higher concentration) of Taq polymerase caused a cpm/10 
min of 150-250, and the same amount of proofreading polymerases such as Pfu polymerase caused 
1000-3000 cpm/min No release of nucleotides was detected after incubations at 37°C, indicating 
that no E. coli exonuclease activity interferes with the test. The detected exonuclease activity of the 
P. islandicum DNA polymerase corresponds to the three 3 -5 'exonuclease domains identified within 
the deduced DNA polymerase sequence (Blanco et al. 1991), indicating that this kind of exonucle- 
ase activity and not a 5'-3'exonuclease activity was measured. 

Additionaly to the above described exonuclease activity assay 3'-5' exo-nuclease activity was tested 
on single strands as described below. To investigate if a 3' -5' exonuclease activity on single- and 
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double-stranded DNA could be detected, we used a S'-DIG-labeled primer and a primer/template 
complex. 3'-5' exonuclease activity was shown by the degradation of the primer after incubation 
with the DNA polymerase at 70°C for 1 h. As indicated in Fig. 8, the rate of?, islandicum DNA 
polymerase-associated 3'-5' exonuclease activity strongly depends on the pH of the reaction buffer. 
Using the optimal polymerase buffer (pH 7.3) the degradation of the primer by the enzyme from P. 
islandicum was significantly lower than with Pwo polymerase, whereas in buffer 2 (pH 8.6) the value 
for exonuclease activity was comparable to that of Pwo polymerase. Both on single-stranded primer 
and double-stranded primer/template the DNA polymerase from P. islandicum showed 3'-5' exo- 
nuclease activities in the absence of dNTPs. Even in the presence of 0.01 and 0.1 uM dNTPs a Taq 
polymerase did not show any degradation of the primer, neither on single-stranded nor on double- 
stranded DNA substrate (Fig. 8). As expected for DNA polymerases with 3'-5' exonuclease activity, 
the degradation of the primer/template substrate by the DNA polymerases from P. islandicum and 
P. woesei was reduced in the presence of higher amounts ( 1 uM) of dNTPs. Neither degradation nor 
elongation of the primer by the DNA polymerase from P. islandicum was detectable when the assay 
was performed at 37°C (data not shown). This result clearly indicates that the enzyme preparation 
did not contain a contaminating exonuclease activity from £ coli which could interfere with the 
test. 

Applications 

In this invention, we present the cloning procedure of a DNA polymerase gene and some bio- 
chemical properties of a new thermostable DNA polymerase from Pyrobaculum islandicum. The 
major uses of thermostable DNA polymerases are for in vitro amplification of DNA fragments and 
for determination of DNA sequences. Taq DNA polymerase is still used in many cases, but its 
fidelity is very low due to the absence of a 3'-5' exonuclease activity (Keohavong and Thilly 1989; 
Longley et al. 1990). Additionally, Taq polymerase has a thermostability of not more than few 
minutes at 100°C. 

The DNA polymerase presented in this invention possesses a high thermostability at 90 and 100°C. 
It has to be investigated whether the presence of stabilizers such as nonionic detergents or bovine 
serum albumin (BSA) can even lead to an increased thermostability. The positive influence of the 
nonionic detergent octoxynol (commonly known as TRITON X-100) and BSA on the thermo- 
stability of DNA polymerases from Pyococcus furiosus and Thermococcus litoralis has been described 
(EP Application no. 921 18965 and 91303787.5). The thermostable DNA polymerase from Pyroba- 
culum islandicum is not irreversible inactivated when subjected to the elevated temperatures for the 
time interval which is necessary to effect denaturation of double-stranded DNA, a key step in the 
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PCR process. As a result, the enzyme may provide additional advantages over the previously cha- 
racterized thermostable enzymes. Higher temperatures up to 100°C may be required, e.g. as the GC 
composition of the DNA template is increased. For target sequences, denaturation temperatures 
over 95°C are needed. For these purpose, solvents such as glycerol or DMSO are included in PCR 
in order to partially destabilize the duplex DNA (Wong et al. 1991; Korge et ah 1992). These agents, 
in addition to destabilizing duplex DNA will affect primer stability, can inhibit activity and decrease 
thermostability of polymerases. In contrast, simply raising the denaturation temperature up to 95 
or 100°C with Pyrobaculum islandicum DNA polymerase in an otherwise standard PCR can facili- 
tate complete strand separation of PCR product eliminating the need for DNA helix destabilizing 
agents. 

Furthermore, there is still a demand to obtain and produce a purified DNA polymerase having 3'- 
5 proofreading exonuclease activity with even high thermostability. The P. islandicum DNA poly- 
merase with 3'-5' proofreading exonuclease activity has a substantially lower base incorporation 
error rate when compared with a non-proofreading DNA polymerase. 

PCR performed with P. islandicum DNA polymerase. Thermostable DNA polymerases are par- 
ticularly used for in vitro amplification of DNA fragments by PCR and for DNA sequencing. Due to 
the associated 3'-5' exonuclease activity, archaeal DNA polymerases offer the possibility to amplify 
DNA fragments with high fidelity (low mutation frequency). To date, all archael DNA polymerases 
used in PCR are derived from Euryarchaeota. No reports are available concerning the successful 
application of crenarchaeal DNA polymerases in PCR. 

To verify the suitability of the DNA polymerases from P. islandicum in DNA amplification, PCR 
was performed using 1 U of enzyme and several primer combinations. As shown in Fig. 9, up to 
1 500 bp of a X DNA template could be amplified. This is the first report on the possible use of a 
crenarchaeal DNA polymerase in PCR. 

As above stated a method of a cloning procedure for B DNA polymerases using degenerated 
primers according to SEQ ID No. 1 and SEQ ID No. 2 is also subject of the present invention. 
Furthermore, a method of the amplification of fragments of a B DNA polymerase using primers 
according to SEQ ID No. 1 and 2 is subject of the present invention. The invention also includes the 
above mentioned methods if the following variants of the primers with SEQ ID No. 1 and 2 are 
used: 



WO 00/53772 

PCT/EP00/01917 

10 

- primers wherein triplet* are added or omitted, especially if 1-3 tripletts are omitted and 1-5 
tripletts are added 

- primers wherein one or more of the inosins shown in SEQ ID No. 1 or SEQ ID No. 2 are resub- 
stituted by a naturally occurring base 

- primers wherein one or more naturally occurring bases are substituted by inosin in addition to 
the substitutions according to SEQ ID No. 1 or SEQ ID No.. 2, preferentially a naturally 
occurring base is substituted by inosin which is at the third position of a triplett. 

Table 1: Influence of inhibitors on the DNA polymerase of P. islandicum 

The influence of different inhibitors was detected at standard assay conditions (pH 
7.5; 0.5 mM MgCl 2 ; 0 mM KC1; 75°C) using 0.5 U purified DNA polymerase. A 
preincubation of the enzyme with N-Ethylmaleimid was performed at 90°C for 20 



min. 



Inhibitor 


Concentration 


DNA polymerase activity 




mM 


% 


N-Ethylmaleimid 


0 


100 




1 


40 




2 


30 




5 


0 




uM (ug/ml) 




Aphidicolin 


0(0) 


100 




50(17) 


100 




200 (68) 


70 




500(170) 


55 




2000 (680) 


21 


ddGTP 


ddGTP/dGTP = 5 


95 




10 


80 




20 


53 



Example 1: 

Strains, enzymes, vectors and chemicals 

Pyrobaculum islandicum DSMZ4184 (Huber et al. 1987) was obtained from the Deutsche 
Sammlung von Mikroorganismen und Zellkulturen, GmbH (DSMZ; Braunschweig, Germany). 
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Magnesium cultures of £ coli DH5a cells were included in the Expand Cloning Kit (Boehringer 
Mannheim). £ coli BL21 cells were obtained from Novagen Inc., Madison, USA. 

Enzymes and kits for manipulations of DNA were obtained from Boehringer Mannheim or, if 
mentioned, from other customers. Kits for purification and gel extraction of DNA were products of 
QIAGEN (Hilden, Germany). A kit for preparation of plasmid and cosmid DNA was obtained from 
BioRad (MQnchen, Germany). 

The expression vector pASK-IBA3, the inductor anhydrotetracycline and the Streptactin Sepharose 
columns were obtained from IBA, Gottingen, Germany. 

Materials for the characterization of DNA polymerase were purchased from Boehringer Mannheim. 
N-Ethylmaleimid was obtained from Serva. Other chemicals for the preparation of media and 
buffers were obtained from Difco (Detroid, Wi), Serva (Heidelberg, Germany), Sigma (St. Louis, 
Mo.) and Merck (Darmstadt, Germany). 

Isolation of DNA 

P. islandicum was grown anaerobically at 98°C in 1.5 1 Medium 390 as recommended by DMSZ. 
Cells were harvested, washed with TE buffer ( 10 mM Tris-HCl pH 8.0, 1 mM EDTA) and sus- 
pended in 3 ml 20% sucrose containing 10 mM Tris-HCl pH 8.0. Triton X-100 was added to a final 
concentration of 0.3%. After incubation at 20°C for 1 h, 3 ml of SET buffer (150 mM NaCl, 20 mM 
Tris-HCl pH 8.0, 1 mM EDTA), 0.32 ml of 10% sodium dodecyl sulfate and 0.16 ml of Proteinase K 
(10 mg/ml) were added. The mixture was incubated for 1 h at 37°C. After subsequent phenol-chlo- 
roform extraction, DNA was recovered by ethanol precipitation (Maniatis et al. 1982). 

Example 2: 

PCR and preparation of probes 

For the first PCR, we designed two degenerated primer based on the conserved regions I and II of 
a-like DNA polymerases (Wang et al. 1989). 

The forward primer was: 

SEQ ID No. 1: 5'-GTI(CT)TlGATTT(CT)GCI(AT)(GC)I(CT)TITAiCT)CC-3' ) and 



the reverse primer was: 
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SEQ ID No. 2: 5'-GAAIAGIGAGTCIGTATCICCAT-3', 

using deoxy-inosin (I), which is complementary to all four nucleotides. Primers were custom 
synthesized by ARK Scientific, GmbH Biosystems (Darmstadt, Germany). Approx. one nanogram 
of P. islandicum DNA and 100 pmol of each primer were added to a PCR reaction mix containing 
200 deoxyribonucleoside triphosphates, the Expand™ High Fidelity buffer system and 2 U of 
Expand™ High Fidelity enzyme (Boehringer Mannheim). After an initial denaturation step at 
94°C for 2 min, 30 cycles with a temperature profile of 10 sec at 94°C, 30 sec at 46°C and 90 sec at 
68°C were performed with a DNA thermal cycler (GeneAmp PCR System 2400; Perkin-Elmer, 
Weiterstadt). Following the last cycle, the samples were incubated for additional 7 min at 68°C, to 
ensure completion of the extension step. The PCR product was purified and sequenced. Other PCR 
reactions were performed under the same conditions with different annealing temperatures and 
elongation times. The same PCR reaction mix, also containing the template and primer described 
above and 200 ^M dATP, dGTP and dCTP, but 190 dTTP and 10 \xM DIG-1 1-dUTP (digoxi- 
genin-labeled dUTP, alkali-stable; Boehringer Mannheim) was used to prepare a non-radioactive 
probe. 

Genomic southern blot hybridization 

P. islandicum DNA was digested over night with several restriction enzymes and resolved on an 
0.7% agarose gel. The restricted DNA was transferred to a positively charged nylon membrane. The 
DIG-labeled probe described above was used to perform hybridizations at 68°C, and a three-step 
process, including membrane blocking, incubating with anti-DIG-antibody, Fab fragments and a 
reaction of the antibody-con jugated alkaline phosphatase with the chemiluminescent substrate 
CDP-Star™ (Boehringer Mannheim) was performed to detect the sites of the hybridized probe. 

Cosmid cloning 

Following the southern blot, the restriction enzyme Sad was chosen to perform a preparative 
digestion of P. islandicum DNA. Restricted DNA fragments with a size between 6 and 7.5 kbp were 
extracted from an agarose gel and cloned using the Expand™ Cloning Kit (Boehringer Mann- 
heim). The fragments were blunt-ended and ligated into the cosmid vector, and the constructs were 
packed into bacteriophages. An £. coli DH5a magnesium culture was subsequently infected, and 
positive clones were selected by the vector-mediated ampicillin resistance. A cosmid clone con- 
taining the DNA polymerase gene was identified by colony filter hybridization (DIG System User's 
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Guide for Filter Hybridization), using the probe described. Cosmid DNA from a positive clone was 
prepared and sequenced. 

DNA sequencing 

Purified PCR products and cosmid DNA preparations were custom sequenced by SeqLab 
(Gottingen, Germany). The nucleotide sequences were determined by the dideoxy chain termi- 
nation method (Sanger et al. 1977). All DNA samples were sequenced using ABI PRISM™ BigDye 
terminators, and analyzed by automated sequencers with a sequence analysis software (Applied 
Biosystems). 

Example 3: 

RNA isolation and determination of transcription start 

In order to examine a putative transcription start region of the detected DNA polymerase gene, 
RNA from freshly cultivated P. islandicum cells was prepared, following a protocol written by 
DiRuggiero and Robb ( 1995), and a 5'RACE PCR was performed, using the 573 'RACE Kit 
(Boehringer Mannheim). For first-strand cDNA synthesis, cDNA amplification and control PCR, 
reverse primer deduced from the gene sequence were used. The amplified cDNA was gel extracted 
and directly sequenced. 

Example 4: 

Expression and purification of P. islandicum DNA polymerase 

The DNA polymerase gene was expressed in £ coli using the vector pASK-IBA 3 (IBA, Gottingen). 
The expression cassette of this vector is transcriptionally controlled by the chemically inducible 
tetracycline promotor (Skerra 1994). For convenient purification of the recombinant protein, the 
vector contained a C-terminal, nine amino acids coding sequence, called Strep-tag. The Strep-tag 
allows to purify the resulting fusion protein in an affinity chromatography step on Sepharose- 
coupled streptavidin or Streptactin (Schmidt and Skerra 1994; Voss and Skerra 1997). Two primers, 
Exforw-Bsal (5'-GCTGATGGTCTCGAATGGAACTAAAAGTTTGGCCTCT-3') and Exrev-Bsal 
( 5 -GCTG ATGGTCTCCGCG CT ACTTAG AAAATCAAG AAGCG ACCT-3 ' ) were used to amplify 
the polymerase gene from chromosomal P. islandicum DNA. The forward primer was designed 
such that a restriction site for Bsal was generated and the start codon, coding for valin, was re- 
moved. The recombinant fusion protein started with the vector-coded methionin. The reverse 
primer was designed such that a restriction site for Bsal was generated and the stop codon of the 
polymerase gene was removed. The PCR product was purified by gel extraction, cleaved with Bsa\ y 
a^ain gel extracted and ligated into Bsal- restricted pASK-IBA 3 vector. Expression of the poly- 
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merase gene was performed in E. coli BL21. Transformed cells were cultivated at 37°C in 1000 ml of 
LB medium containing 100 ug ampkillin per ml. At an optical density of 0.5 at 600 nm, cells were 
induced by the addition of 100 ul anhydrotetracydine (2 mg/ml in dimethyl formamide; final con- 
centration 200 ug/1), and the culture was incubated for a further 15 h. After cooling, the cells were 
harvested by centrifugation at 4°C, washed with buffer W, countering 50 mM Tris-HCl pH 8.0, 1 
mM EDTA and the Complete mini, EDTA-free protease inhibitor cocktail (Boehringer Mann-' 
heim), and resuspended in 5 ml of buffer W. The cells were disrupted by sonication, and after 
centrifugation, the crude extract was heat treated at 80°C for 20 min and centrifuged again. The 
sample was applied to a Streptactin ready-to-use Sepharose column ( 1 ml), equilibrated with 5 ml 
buffer W. After washing the column twice with 5 ml buffer W, elution of the bound protein was 
effected by the stepwise application of 10 ml buffer W containing 2.5 mM desthiobiotin (Sigma). 
Active fractions were pooled and dialyzed against 500 volumes of 50 mM Tris-HCl pH 7.2 and 10% 
glycerol. 

Example 5: 

Polymerase activity assay 

A non-radioactive colorimetric enzyme immunoassay (DNA Polymerase Assay, non-radioactive; 
Boehringer Mannheim) was performed, based on the incorporation of digoxigenin- and biotin- ' 
labeled dUTP, instead of radio-labeled nucleotides as used in the standard DNA polymerase assay, 
into the same DNA. As Suzuki et ai. (1 993) demonstrated, the results of a chemoluminescent en- ' 
zyme-linked immunoassay, following the same principle as the test described here, displayed com- 
parable results to the standard isotopic assay. The detection and quantification of the synthesized 
DNA followed the sandwich ELISA protocol, as recommended by the manufacture. Unless other- 
wise mentioned, the standard reaction mixture contained, in a 100 ul volume, 50 mM Tris-HCl pH 
7.2, 0.5 mM MgCl 2 , 60 ug BSA, 0.36 uM DIG-1 1-dUTP, 18 nM Biotin-1 1-dUTP, 18 uM each 
dNTP, 0.27 ug DNasel-activated calf thymus DNA as a template, and the DNA polymerase sample 
The reaction mix was incubated at 75°C for 1 h. Taq DNA polymerase was used as a standard, with 
50 mM Tris-HCl pH 7.9, 5 mM M S C1 2 and 50 mM KC1 in the reaction mix. One unit was defined 
as the amount of enzyme required to incorporate 10 nmol of dNTP into an acid-insoluble form at 
75°C in 30 min In order to determine the thermostability of the DNA polymerase from P. islandi- 
cum, preincubations were performed in a reaction mix without BSA, labeled or non-labeled dNTP 
and template-DNA, following by the addition of the missing components and standard incubation 
of 1 h at 75°C. For the determination of the biochemical properties of DNA polymerase, all reaction 
mixtures contained 0.5 U of enzyme. 
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Example 6: 

DNA polymerase activity gel 

The detection of DNA polymerase activities on SDS polyacrylamid gels (SDS-PAGE) was per- 
formed according to a modified version (Niehaus et al. 1997) of the method described by Spanos 
and Hiibscher (1983). Sample concentrations of one to five units of each DNA polymerase were run 
on SDS-PAGE ( 10%). Sample preparation and gel electrophoresis was carried out as described by 
Laemmli (1970). The running gel additionally contained 150 ng/ml DNAsel activated calf thymus 
DNA as template for the polymerases. DNA polymerases from Thermus aquaticus {Taq poly- 
merase) and Pyrococcus woesei (Pwo polymerase) were purchased from Boehringer Mannheim. SDS 
was removed by immersing the gel 4 times in 50 mM Tris-HCl pH 7.2, 3 mM [J-Mercaptoethanol, 1 
mM EDTA, 5% glycerol. Renaturation of the proteins was performed at 4°C over night using 1 mM 
MgCl2 and 1 ^iM dATP added to the same buffer. The gel was then incubated in activity buffer con- 
taining 50 mM Tris-HCl pH 7.2, 3 mM p-Mercaptoethanol, 1 mM DTT, 1 mM MgCl2, 5% gly- 
cerol, 8 ^M dGTP,dATP and dCTP, 4 \iM dTTP and 5 \xM DIG-1 1-dUTP, and incubated at 70°C 
for 4 h. DNA was transferred to a nylon membrane and incorporated DIG-1 1-dUTP was detected 
immunologically as described earlier. 

Example 7: 

Assay for exonuclease activity 

To analyze exonuclease activity, we incubated 1.5 U purified polymerase with 1 \ig of a 3 H-labeled 
DNA template, which was digested by sonication. The released ^H-labeled nucleotides were de- 
tected as cpm/10 min on a scintillizer after 4 h incubation. Incubations were carried out at 65°C 
and 37°C in the buffer (10 mM Tris-HCl, 1 mM DTT, 50 mM NaCl, 10 mM MgCl2) normally used 
in this test. 

Example 8: 

Assay for 3'-5'-exonuclease activity on single strands 

For 3'-5' exonuclease activity on single-strands, the degradation of a synthetic primer (22-mer), 5'- 
labeled with digoxigenin for immunological detection, was analyzed. 3'-5' exonuclease activity on 
double-strands was measured using the same primer, hybridized to a template (34-mer). The se- 
quences of primer and template are illustrated in Fig. 8. The assay principle was described pre- 
viously (Niehaus, 1997 #77]. 0.5 pmol of the labeled substrate and 0.1 U of purified DNA poly- 
merase were incubated in 10 \x\ of different buffers without and with increasing amounts of dNTPs 
(up to 1 fiM) at 70°C for 1 h. To ensure that no contaminating exonuclease activity from E coli was 
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measured, the assay was further carries out at 37'C. The optimal DNA polymerase buffer con- 
taining 50 mM Tris-HCl P H 7.3 and 0,5 mM M g Cl 2 was used as well as a buffer containing 50 mM 
Tris-HCl pH 8.6 and 0.5 mM MgCl, The reaction was stopped on ice with formamide buffer, and 
the samples were electro phoresed on a 12% polyacrylamide sequencing gel containing 8 M urea in 
TBE buffer. The degradation or polymerization products were visualized by immunological detec- 
tion. Pwo polymerase in a buffer containing 10 mM Tris-HCl pH 8.9, 25 mM KC1, 2 mM MgS0 4 
and 5 mM (NH 4 ) 2 S0 4 and Taq polymerase in activity buffer described before were used as controls. 

Example 9: 

PCR reactions with P. Islandicum 

PCR reactions with P. islandicum DNA polymerase were carried out with 1 U of enzyme in the fol- 
lowing buffer: 15 mM Tris-HCl pH 8.6, 12,5 mM KC1, 2.5 mM (NH 4 ) 2 S0 4 , 1.25 mM MgCl 2 , 20 
ug/ml BSA. 10 ng of A. DNA was used as template. The forward primer 5'- 
GATGAGTTCGTGTCCGTAC AACT-3 was combined with the following reverse primers: 5'- 
GGTTATCGAAATCAGCCACAGCG-3' for amplification of 500 bp, 5'- 
GTTAACTTTGATTCTGGCCTGCG-3' for amplification of 1000 bp and 5 1 - 
GTGAGATAAACGGCAACTGCCGG-3' for amplification of 1500 bp. PCR cycles were carried out 
as described before with a temperature profile of 10 s at 94°C, 30 s at 56°C and 1.5 min at 75«C 
Expand High Fidelity enzyme was used as a control under PCR conditions as recommended by the 
manufacturer. 

Figure Legend 

Fig. 1: Nucleotide sequence of the polymerase gene and deduced amino acid sequence of the 
family B DNA polymerase from 
P. islandicum 

The nucleotides are numbered from the 5' site. The translation start site is at no. 131, the 
stop site at no. 2486. 

Fig. 2: SDS Page (10%) of enzymatic fractions during purification of recombinant DNA poly- 
merase from P. islandicum 

Lanes: 1, crude extract; 2, crude extract after heat treatment (20'80°C); 3, molecular weight 
marker (broad range, BioRad); 4, enzyme preparation after chromatography on Streptactin. 

Molecular weights are indicated. 
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Fig. 3: DNA polymerase activity gel 

Lanes: 1, Taq polymerase (5 U); 2, P. islandicum DNA polymerase enzyme preparation after 
chromatography on Streptactin (2 U); 3, crude extract from P. islandicum] 4, Pwo 
polymerase (2.5 U). 

Fig. 4: Optimal pH for the DNA polymerase activity 

The pH optimum was detected in a standard assay at 75°C with 0.5 mM MgCl2. 

Fig. 5: Optimal concentration of KC1, (NH4)2S04 andMgC^ for the DNA polymerase activity 

The optimal concentration of MgCl2 was measured in a standard assay at 75°C and pH 7.3. 
The standard assay was carried out with 0.2 U of purified DNA polymerase inthe presence 
of various concentrations of KG, (NH4)2S04 and MgCl2. 

Fig. 6: Influence of KC1 on the DNA polymerase activity 

The influence of monovalent potassium ions was detected in a standard assay at 75°C, pH 
7.3 and with 0.5 mM MgCl2> 

Fig. 7: Thermostability of the recombinant DNA polymerase 

To estimate the thermostability of the DNA polymerase, the enzyme was preincubated 
without BSA, nucleotides and template DNA at 90 and 100°C, following by the addition of 
all missing compounds and a standard incubation at 75°C, pH 7.3 and with 0.5 mM MgCl2 

Fig. 8: Single- and double-strand dependent 3'-5' exonuclease activity of DNA polymerases from 
Pyrobaculum islandicum (P. isl. pol), Thermits aquaticus {Taq pol) and Pyrococcus woesei 
{Pwo pol). The assay was carried out, as described in Materials and Methods, at 70°C for 1 h 
with 0.1 U of each polymerase. A digoxigenin-labeled primer as a single-stranded substrate 
(ss) and a primer/template complex as a double-stranded substrate (ds) were used. Con- 
centrations of dNTP (|iM) in each reaction are indicated. The reaction products were sepa- 
rated on a 12% polyacrylamide gel containing 8 M urea and visualized by immunological 
detection. The sizes (nucleotides, nt) of the non-degraded primer and the reaction products 
are indicated. Lane P, digoxigenin-labeled primer in buffer without dNTPs; buffer 1:40 mM 
Tris-HCl pH 7.3, 0.5 mM MgCl 2 ; buffer 2:50 mM Tris-HCl pH 8.6, 0.5 mM MgCl 2 . Taq and 
Pwo polymerase were tested using buffers according to Materials and Methods. Primer and 
template sequences are illustrated on the right. 
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Fig. 9: Application of DNA polymerase from P. islandicum in PCR. Reactions were carried out in a 
buffer containing 15 mM Tris-HCl pH 8.6, 12.5 mM KC1, 2.5 mM (NH 4 ) 2 S0 4 , 1.25 mM 
M g Cl 2 and 20 ug/ml BSA. 1 U of DNA polymerase from P. islandicum was used to amplify 
500 bp (lane 1), 1000 bp (lane 2) and 1500 bp (lane 3) of a k DNA template. Control PCR 
was performed with 2.5 U of High Fidelity enzyme (lane 4). 20 ul of each PCR product were 
applied on an 1% agarose gel. .The corresponding molecular weights of the marker (lane 5) 
are indicated in kilobasepairs (kb). 
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Claims 

1. A DNA polymerase obtainable from Pyrobaculum islandicum whereas six conserved motifs 
indicative of family B DNA polymerases were contained in the Pyrobaculum islandicum 
DNA polymerase sequence and whereas this polymerase exhibits S'-S'-exonuclease activity. 

2. A DNA polymerase according to claim 1 whereas the molcular weight of this polymerase is 
approximately 90 kDa. 

3. A DNA polymerase according to claims 1 or 2 whereas the polymerase exhibits most activity 
at pH 7.3. 

4. A DNA polymerase according to one of the claim 1-3 whereas this polymerase exhibits a low 
sensitivity to ddGTP. 

5.. A recombinant DNA polymerase according to one of the chains 1-4 obtainable from Rcoli 
BL21 transformed by a vector containing a gene which encodes the DNA polymerase. 

6. DNA encoding a polymerase according to one of the claims 1 -5. 

7. Vector containing a gene of a polymerase according to one of the claims 1-5. 

8. Host transformed by a vector according to claim 7. 

9. Method for producing a recombinant DNA polymerase according to claim 5. 

10. Use of a DNA polymerase according to one of the claims 1-5 for in vitro amplification of 
DNA fragments. 

11. Use of a DNA polymerase according to one of the claims 1-5 for determination of DNA 
sequences. 

12. A method for cloning a B DNA polymerase using primers with SEQ ID No. 1 and SEQ ID 
No. 2 or variants thereof. 
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A method of the amplification of fragments of B DNA polymerae using primers with SEQ 
ID No. 1 and SEQ ID No. 2 or variants thereof. 
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Fig. 1/1 

SEQ ID No. 3 
SEQ ID No. 4 

I I I I I I I I 90 

G CTTTTTAAGTAG CCACTCGATT ACATAGTTGTG CG CCX3 TG CCCGGTTTG CGAGGTAATTGTTTTAAGCATT CCG CCACAGCGTTCATAT 

I I I I | | | | 180 

ACTGTAAATCAATTTATTTTT ATATTTGTTTCAAG CATTGTGGAACTAAAAGTTTGGCCTCT CGACATTACAT ATGCCGTAGTTGGTAGT 

VELKVWPLD ITYAVVGS 

I I i I l'| | | 270 

GTTCCTGAG ATTAGG ATTTTCGGTATTTT AAGCAG CGG TGAGCGTGTTGTACTTATCGATAGATCTTTTAAGCCGTATTT CTACGTCGAT 
VPE I R I FG I LSSGERVVLIDRS FKPYFYVD 

I I I I I I I I 360 

TGTG CCGTTTGTGAACCAGCTGCTCT AAAG ACTG CGTTGT CG CGAGTTGCG CCAATAGACGATGTACAAATAGTTGAAAGGAGGTTCCTC 
CAVCEPAAL KTALSRVAP IDDVQ IVERRFL 

I I I I I I I I 450 

GGAAGGTCTAAGAAGTTTTTG AAAG TTATTG CTAAAATTC CTGAGGATGTCAGGAAACTTAGAG AAG C CG CAATG T CG AT AC CAAGGGTT 
GRSKKFLKV I A X I PEDVRKLREAAMS IPRV 

I I I I I I | | 540 

TCTGG CGTTT ATGAAG CAGAT ATTCG T TTTTACA7G CG AT ATATGATAGACATGGGGGTAG TG C C CTGTAGTTGGAATGTGGCAGAGGTA 
SGVYEAD I R FYMRYM IDMGVVPCSWNVAEV 

I I I I I I I I 630 

G AAG AGGGGGGT AG ACITGG CGG G ATT CCG&CAT A CGTTGTCTCTCAGTGGT^ 
EEGGRLGG I PTYVVSQWYGI DEGFPPSLKV 

I I I I I I I I 720 
ATGGCXjTTTGATATCGAGGTTTATAACGAGCGCGGCTCTCCCGATCCTATCAGAGATCCCXSTGGTTATGT^ 

MAFDIEVYNERGS PDPIRDPVVMLAI KTND 

II I I I I I | 810 
GGGCACGAGGAGGTTTTTGAAGCTAGTGGGAAAGACGATAGGGGGGTTGTGCGCGCTTTTGTGG 

GHEEVFEASGKDDRGVVRAFVDFI RSYDPD 

I I i ! I I I I 9oo 

GTAATTGTTGGCTATAATTCCAACGG CTT TG ATT GG CCTTATTTAGTAGAG CGTG CG AAAG C CG T CGGCGTG C CG CT CAAGGTTGATAG A 
VIVGYNSNGFDWPYLVERAKAVGVPLKVDR 



CTGAG CAATCCCCCTCAACAGAGCGTGTATGG ACACTGGTCTATCGTTGGTAG AG CAAATG TAG ATCTCTATAACATCGTGGAAGAGTTC 
LSNPPQQSVYGKWSIVGRANVDLYNIVEEF 

11:11111 1080 
CCGG AGATTAAG CTAAAGACTCTTG ACCG TGTTG CTG AATATTTTGGTGTAATGAAAAGAG AAG AG AGGGTGTTG AT C CCAGG CCACAAG 
PE I KLKTLDRVAEYFGVMKRE ERVLI PGHK 

I I ! I I I | I H70 

ATTTATGAATACTCG AAAGACCCCAAT AAAAGAC CTCTACTTAAG CGGTATGTTCTAGACG ACG TACGAT CCACTCTAGGACTTGCCGAC 
IYEYWKDPNKRPLLKRYVLDDVRSTLGLAD 

I I I I I I I I 1260 

AAGCTCCTACCGTrTTTAATACAACTGTCTTCTGTATCTGGG CTACCG CTGGATCAGGTGG CAG CGGCG AG CGTGGG CAACAGGGTAGAG 
KLLPFL I QLSSVSGLPLDQVAAASVGNRVE 

I I I I I | | I 1350 

TGGATGCTTCTTAGGTACG CGTAC CG CCTGGGCG AGGTAG CTC CG AACAGAGAGG AGAGGG AGTACG AACCAT AT AAGGGGG CCATCGTG 
WMLLRYAYRLGEVAPNREEREYEPYKGAIV 
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